Introduction
The use of orthopaedic implants has increased dramatically during past few decades for fixation of long bones, correction of spinal fractures, replacement of arthritic joints and dental applications [1 -4] . The major objectives of the orthopaedic implants are to provide mechanical stability, to facilitate optimal function during physiological loading of bones/joints and to provide desired interactions with the surrounding tissues and musculoskeletal environment [2] [3] [4] [5] . The mechanical properties of the implanted materials must be similar to the natural bone to avoid biomechanical mismatch of elastic modulus, causing interfacial instability, especially in the case of hip and knee joints [6, 7] .
Polymeric materials are widely used in biomedical applications, like artificial joints [8] , acetabular cup component [9] , tissue scaffolds, etc. [10, 11] . In particular, ultra-high molecular weight polyethylene (UHMWPE), owing to its high wear resistance, low coefficient of friction, high impact resistance and toughness, good abrasion resistance and good chemical resistance, has been widely used in many orthopaedic applications, like total hip joint replacement [8,12 -15] . Owing to its high molecular weight, UHMWPE has high viscosity, making it difficult to process by conventional screwextrusion or injection moulding [16] . The poor processability hinders the extensive hybridization of UHMWPE [16] . On the contrary, high-density polyethylene (HDPE) has good processability [16] . Moreover, HDPE is also a biocompatible polymer and is extensively used in biomedical applications [6, 16] . It is also reported in the literature that HDPE helps to improve the creep resistance and processability, when blended with UHMWPE [12, 15] .
Clinically, it has been recognized that wear particle accumulation over time can lead to osteolysis, causing bone loss and implant loosening [5, 6, [17] [18] [19] [20] . This is one of the primary causes of failure of total hip joint replacement surgeries, leading to the requirement of revision operations [17, 21] . One of the potential approaches to circumvent this problem and also to further improve the mechanical properties of the polymeric implants is to use inorganic fillers [8, 10, 22] . For effective reinforcement, factors like uniform distribution of the nanofillers, alignment and efficient stress transfer in the polymer matrix are essential parameters [10, 23] . The grafting of polymers onto these reinforcing fillers is an effective method to improve polymer-filler interfacial adhesion and in turn, the mechanical and cytocompatibility properties of the composite [6, 11, 23, 24] . In a limited number of studies, the researchers investigated the role of MWCNT or carbon nanofibres or hydroxyapatite (HA) on the processing, mechanical and tribological properties of UHMWPE or HDPE/UHMWPE hybrid composites [12, 15, 16, 25] . However, the role of GO or chemically modified GO on mechanical and cytocompatibility property of UHMWPE/HDPE hybrids are not yet reported.
Graphene, a new class of two-dimensional carbon nanostructure, has garnered significant interest due to its excellent electronic, mechanical and thermal properties [11, 26, 27] . Many applications of graphene and its derivatives have been explored in the field of targeted drug delivery [28] , bioimaging [29] , antibacterial treatments [30] , orthopaedic applications [6] , cancer therapy [29, 31] , etc. Also, graphene oxide (GO), due to the presence of functional groups, is compatible with polymers [11] . Recently, incorporation of GO nanofillers into different biopolymers has given rise to exceptional mechanical properties and biocompatibility [8, 32] . The hydrophobic p domains in the core region and ionized groups, like carboxylic acid, hydroxyl and epoxide groups around the edges of GO, enhances its interactions with proteins through hydrophobic and electrostatic interactions [6, 8, 26, 27, 33] . However, as-synthesized GO tends to form many aggregations due to the strong van der Waals forces and, in turn, limit the load transfer from the polymer matrix to the nanofillers [34] . Many surface functionalization techniques are effective in overcoming this hurdle, but the complicated synthesis and chemical treatments involved may hamper the cost-effectiveness and process scalability [34] . On the other hand, the covalently grafted polymer chains onto the nanofillers will lead to easy mixing into the polymer matrix and improved interface, thus providing a convenient way to achieve the reinforcement and better mechanical properties [6,34 -36] .
In the present study, we have developed a new strategy to graft polyethylene chains onto the surface of GO to improve the structural properties and investigate its cytocompatibility. The base polymer matrix is an optimized blend of 60% HDPE and 40% UHMWPE (HU) to achieve good processability. Instead of alternative techniques for polymer processing like solvent casting and pressurized gyration [37] , meltextrusion, a solvent-free [38, 39] technique, was used to blend the composites in the present work [40, 41] . In this scalable processing approach, the nanocomposite was thermoplastically extruded at elevated temperatures and injection moulded in the desired shape. The modified GO (mGO), prepared by the aforementioned process, is expected to achieve homogeneous dispersion, to cause stronger interactions and to enhance the load transfer from the polymeric matrix to graphene. Therefore, efforts were made to enhance the mechanical properties of HDPE-based and UHMWPE-based composites, wherein surface-modified GO were melt-mixed. Further, structural and mechanical properties of the nanocomposites were investigated along with evaluation of viability, proliferation and attachment of C2C12 mouse myoblast cells to assess the applicability of these materials in biomedical.
Material and methods
GO nano-powder was obtained from Bottom Up Technologies Corporation (India). UHMWPE (average molecular weight: 3 Â 10 6 to 6 Â 10 6 g mol -1 ), HDPE (melt index: 2.2 g 10 min
), maleated polyethylene (mPE), branched polyethyleneimine (PEI, molecular mass 25 kDa), 1-ethyl-3-[3-(dimethylamine)propyl]-carbodiimide hydrochloride (EDC), N-hydroxysuccinimide (NHS) and WST-1 assay were obtained from Sigma-Aldrich (USA). Triethylamine (TEA), xylene and ethanol were obtained from Merck (India).
Synthesis of amine functionalized graphene oxide
Amine functionalized GO was synthesized by conjugating PEI to the carboxyl groups of GO by EDC/NHS coupling [27] . Dried GO was dispersed in deionized water by sonication for 45 min. EDC (54.3 mg, 0.4 mmol) and NHS (50.6 mg, 0.4 mmol) were added to the GO solution (0.5 g ml 21 , 0.5 g). TEA (100 ml) was added to the PEI solution (0.396 g) in deionized water. Further, the PEI solution was added to the GO solution and stirred for 1 day at room temperature. The resulting GO-PEI solution was centrifuged and washed in TEA to remove unreacted PEI and prevent its release during the cell culture studies and thus prevent toxicity.
Synthesis of modified graphene oxide
GO-PEI and mPE were dispersed in xylene and refluxed for 1 h at 1008C. The weight ratio of GO-PEI and mPE was 1 : 3 to ensure complete conversion of amine groups of GO-PEI to imide groups [4] . The solution was then centrifuged and washed in xylene to remove unreacted mPE and get mGO. Scheme 1 shows the different steps involved in the mGO synthesis.
2.3. Melt-extrusion of modified graphene oxidereinforced high-density polyethylene/ultra-high molecular weight polyethylene nanocomposites
The nanocomposites consisted of 60% HDPE and 40% UHMWPE (HU) reinforced with 0.5, 1 and 3 neat GO and 0.5, 1 and 3% modified GO (table 1) . The nanocomposites were melt-mixed in DSM Xplore MC 15 melt extruder at a temperature of 2208C and screw speed of 60 rpm for a duration of 10 min. The blend was mixed for 10 min as a stable force of ca 6 kN was reached with time (electronic supplementary material, figure S1 ). The extruded nanocomposites were subsequently injection moulded in Xplore Microinjection Moulding Machine at an injection pressure of 12 bar with melt temperature at 2208C and mould temperature at 1008C to get dumbbell-shaped specimens using the ASTM D638-03 Type 5 standard.
Structural analysis of graphene oxide, graphene
oxide -polyethyleneimine and modified graphene oxide
Dispersed GO nanoparticles were drop casted on a silicon wafer and dried in vacuum to perform atomic force microscopy analysis (AFM, A100, A.P.E.Research) in non-contact mode. XRD patterns of GO, GO -PEI and mGO were recorded by PANalytical (The Netherlands) X-ray diffractometer with Cu Ka radiation (l ¼ 0.154 nm) and Ni filter with a step size of 0.028 and a low scan rate of 0.25 o min
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. The attenuated total internal reflection Fourier transform infrared spectra (ATR-FTIR, Bruker) of GO, GO-PEI and mGO were recorded from 4500 to 800 cm -1 .
More complimentary structural characteristics of GO, GO-PEI and mGO were carried out using Horiba LabRAM HR Raman Spectrometer with a 532 nm monochromatic laser.
Thermal characterization of modified graphene oxide and determination of crystallinity
The percentage grafting of polyethylene was calculated using a thermogravimetry analyser (TGA, TA Instruments). Samples were heated from room temperature to 7008C at a heating rate of 108C min -1 in nitrogen atmosphere. Differential scanning calorimeter (DSC) experiments were carried out using DSC (TA Instruments, Q2000), under inert atmosphere. Melting temperature (T m ), crystallization temperature (T c ), specific heat of fusion (Dh f ) and degree of crystallinity (x c ) were measured. The samples, weighing between 4 and 7 mg, were subjected to a 
Rheological properties of the nanocomposites
Viscoelastic properties of neat blend HU and GO/mGO-reinforced nanocomposites were tested out using a stress-controlled discovery hybrid rheometer (DHR-3, TA Instruments) with parallel plate geometry (25 mm diameter and 1 mm gap distance). For rheological measurements, the samples were prepared by hot pressing at 2208C. Frequency sweep analysis was performed in a frequency range of 100-0.1 rad s -1 at 2408C and a fixed strain of 1% which is in the linear viscoelastic region.
2.7. Nanoparticle dispersion in 60% high-density polyethylene and 40% ultra-high molecular weight polyethylene blend
The dispersion of both 1 GO and 1 mGO in the HU blend was analysed with the help of transmission electron microscopy (FEI TECNAI BIO TWIN 12, TEM) at 120 kV. The thin sections (approx. 70 nm) were carefully cut using a cryo-ultramicrotome (RMC Boeckeler, USA) from the extruded strands using a diamond knife and an antistatic holder. During sectioning, the samples and the blade were maintained at an optimized temperature of 21208C and 2808C, respectively. Three-dimensional structural analysis of selected samples was observed with X-ray micro-computed tomography (m-CT, VersaXRM-500, Xradia, Zeiss, Germany). The m-CT is usually carried out by passing X-rays from a source through the sample mounted on the holder. The attenuated X-rays, after being absorbed by the sample, are detected through the different types of detectors (0.39Â, 1Â, 4Â, 20Â and 40Â). The virtual threedimensional volume rendering takes place when the sample rotates 3608 with respect to the number of projections (scheme 2). In this case, image acquisition was carried out for about 4 h 45 min with 3201 projections at a step size 0.118. The voltage of the X-ray source was fixed at 70 kV and the corresponding power was 6 W with an exposure time of 3 s. A low energy (LE 1) filter was used in the case of 1 GO while no filter was required for 1 mGO. A combination of 4Â objective and a voxel size of approximately 2 mm was used.
Mechanical characterization
Uniaxial tensile testing was carried out using INSTRON 5967 to measure the engineering stress-strain response and, in particular to assess ultimate tensile strength and elastic modulus. The dumbbell-shaped specimens, obtained by injection moulding, were tested under a crosshead speed of 5 mm min -1 (strain rate ¼ 25 s
) and loading continued until the specimens fractured. The Halpin-Tsai model was used for the micro-mechanical theoretical prediction of the modulus of the nanocomposites.
Owing to the unavailability of a suitable extensometer, which can be attached to soft materials, like polymers without deforming them at the attachment area, we could not measure the true stress-strain response. Nevertheless, the fracture surface of the nanocomposite samples was analysed using field emission scanning electron microscope (FEI, USA), operated at 5 kV accelerating voltage. Prior to scanning, the samples were coated with a thin layer of gold to minimize the charging effect.
Cell culture
The samples were sterilized by soaking them in 70% ethanol for 2 h, exposed to UV light for 30 min and then washed with phosphate-buffered saline (1Â PBS; pH 7.4) before cell seeding. Sterilized disc shaped HU, 1 GO and 1 mGO samples, prepared using compression moulding with a diameter of ca 10 mm and thickness of 1 mm, were used for the experiment. The mouse myoblast C2C12 cell line was used for all the in vitro cytocompatibility experiments. The cells were revived from cryo-preserved stock prior to seeding and expanded in tissue culture graded T25 flask (Eppendorf, Germany) containing culture media consisting of Dulbecco's modified Eagle's medium (Invitrogen), 15% (v/v) fetal bovine serum (Invitrogen) and 2 mM L-glutamine (Invitrogen), 1% (v/v) antibiotic antimycotic solution (10 U ml 21 penicillin and 0.1 mg ml 21 streptomycin, Sigma-Aldrich). Cells were maintained in a 5% CO 2 incubator (Sanyo, MCO-18AC, USA) operated at 378C temperature and 95% humidified atmosphere. The culture media were changed after 2 days. Once the cells reached 70-80% confluency, they were detached from the culture flask using 0.05% trypsin-EDTA (Invitrogen) and subcultured for further use. All the experiments were conducted with cells at passage of 2-7. Gelatin (0.2%)-coated glass coverslips were used as a control sample.
Cell viability using WST-1 assay
Generally, cell viability is quantified using MTT (3(4,
-benzene-disulfonate) assay has been reported to have no interaction with GO and also the cleaved tetrazolium product is water-soluble which eliminates the need for the solubilization step followed in MTT assay [4, 43] . Thus, WST-1 was preferred over the MTT assay to reliably assess the viability of the myoblasts cells on the nanocomposites. Approximately, 4 Â 10 3 cells per well of C2C12 myoblast cells were seeded on the sterilized samples placed in 24-well plates and incubated in 5% CO 2 incubator for 1 and 3 days at 378C and 95% humidified atmosphere. A 400 ml of 10% v/v solution of WST-1 (Roche) assay and complete culture medium was prepared to add to each of the wells. After incubation for 3 h at 378C in 5% of CO 2 atmosphere along with saturated humidity, the optical density (OD) of the developed colour was measured by a microplate reader (iMark, Biorad Laboratories, India) at a wavelength of 450 nm. The absorbance value provides a direct correlation with the number of viable cells in each well. The measurements were obtained as an average of three wells repeated thrice. Cell viability (%) was calculated using the following formula: % cell viability ¼ mean absorbance of the sample mean absorbance of the control Â 100:
Fluorescence imaging and scanning electron microscopy analysis
In order to analyse and quantify the nuclei of the proliferated active cells, the sterilized samples were placed in a 24-well plate. A total of 4 Â 10 3 cells per well of C2C12 mouse myoblast cells were seeded on the samples. The cells were cultured for 3 days and the samples were then washed thrice with 1Â PBS followed by fixation of samples in 3% paraformaldehyde (PFA; SD Fine-Chem Lit) for 30 min. After washing three times with 1Â PBS, 0.1% Triton X solution was added and kept for 10 min for permeabilization. The cells were then washed thrice with 1Â PBS and blocked with 1% bovine serum albumin (BSA) for 30 min to prevent nonspecific binding of dye. Hoechst stain 33342 (Invitrogen) was then added and kept for 20 min to visualize the active nuclei. The samples were then washed with 1Â PBS to remove the excess stain and observed under fluorescence microscope (Nikon LV 100D, Japan). The cell count was calculated by capturing images of Hoechst-stained nuclei at 20 different locations of each sample and averaged over the entire substrate area.
For the cell adhesion test, about 4 Â 10 3 cells per well were seeded on the surface of each sterilized sample placed in 24-well plates. After 3 days in culture, the samples were washed with 1Â PBS and fixed with 3% glutaraldehyde (LobaChemie, India) in PBS for 30 min at room temperature. A series of ethanol washes (30, 40, 50, 60, 70, 80, 90 and 100% v/v in DI) was done subsequently for 10 min each to dehydrate the samples completely. The samples, dried overnight, were coated with gold via sputtering and observed under field emission scanning electron microscope.
Statistical analysis
All the in vitro experiments were performed in triplicate and replicated thrice. The analysed data were plotted as mean + standard deviation. Statistical analysis was performed by using SPSS-16.0 (IBM, USA) software. Analysis of variance (ANOVA) test was performed for comparing significant differences in the obtained results. The p-value at 0.05 was considered as statistically significant.
Results
The methodology involved in surface modification of GO nanosheets and polymer nanocomposite fabrication is mentioned with specific details in the previous section. A novel approach was used to surface functionalize the GO nanosheets with PEI and mPE for better compatibility within the polymer blend. Another challenging task was to process the HDPE/ UHMWPE blend in the melt extruder. The 60% HDPE/40% UHMWPE (HU) blend was found to be optimum and the force generated inside the twin-screw extruder, reached stable values, suggesting proper mixing of the blend when compared with other compositions like 50%HDPE/50%UHMWPE blend (discussed in the electronic supplementary material).
Surface modification of graphene oxide to form modified graphene oxide
Figure 1a-c shows the AFM image of GO flakes in non-contact mode. The topography image of GO revealed that the height of GO is ca 2 nm [33] . The successful conjugation of PEI and mPE on the GO nanosheets was analysed using XRD and FTIR studies. The characteristic XRD peak (figure 1d) of GO was exhibited at 2u ¼ 10.88 [45, 46] . The characteristic X-ray peak for the amine functionalized GO-PEI and mPE functionalized GO is shifted to the left at 2u ¼ 10.18 and 2u ¼ 9.948, respectively. This shift can be attributed to the increased interlayer spacing between the GO nanosheets upon incorporation of amine groups and mPE chains [47] . In figure 1e , the absorption bands of GO at 1717, 1584, 1165 and 3337 cm 21 are attributed to the stretching bonds of C¼O (carboxylic groups), -C¼C-, the epoxy ring and the hydroxyl group, respectively [6] . The successful conjugation of the carboxyl group of GO and amino group of PEI was confirmed by the diminishing of the peak corresponding to the COOH group and the appearance of the characteristic IR bands of the amide bond at 1622 cm
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(C¼O) and 1567 cm 21 (N-H) [48] . The absence of the IR band at 1165 cm 21 corresponding to the epoxy ring was observed in GO [29] . Also, those present at 2921 and 2852 cm
, corresponding to alkane -CH 2 [22] in GO-PEI, clearly establish successful amine functionalization. The IR bands at 2914 and 2847 cm 21 in mGO correspond to the alkane -CH 2 bond [22] . In addition, IR bands at 1373 and 1711 cm 21 can be attributed to the stretching frequency of imide C-N and imide C¼O bonds, respectively. Taken together, the FTIR results establish that polyethylene was successfully grafted on the amine functionalized GO [6, 49, 50] .
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In figure 1g , the structural changes in GO can be quantified with the help of Raman spectroscopy. A shift in wavenumber (towards the left) as well as peak intensity, especially in the case of the G-band can be observed. The I D /I G ratio is 0.96, 1.21 and 1.19 for GO, GO-PEI and mGO, respectively.
Grafting efficiency of mPE on graphene oxide and crystallinity measurement
The adopted synthesis approach can be effectively used to graft polyethylene onto the GO nanosheets. The grafting efficiency was quantified using thermogravimetric analysis profile for [36, 51, 52] . However, mGO did not show significant degradation at 1008C, suggesting increased hydrophobicity due to the presence of polyethylene chains [51] . At 2008C, a weight loss of only approximately 7% was observed due to pyrolysis of the oxygen containing functional groups as opposed to approximately 27% for the same in the case of GO. This proves that the polyethylene chains occupy the oxygen containing functional groups and a sharp weight loss further observed at approximately 4008C was due to the decomposition of the covalently bonded mPE on the amine functionalized GO [51, 52] . From the TGA profile, the percentage of grafted polyethylene in mGO was approximately 63.8%, which is independent of GO content. Ideally, the grafting ratio (GR) is defined as the ratio of the weight of the grafted polymer (maleated PE, in this study) to GO, mentioned by Lou et al. [53] . In order to calculate the GR of maleated PE on the surface of GO, TGA is found to be the only viable approach to quantify in this case. The major challenge is that the molecular weight for maleated PE is neither reported in the literature nor in the material data sheet. For this grade of maleated PE, a saponification value of 32-36 mg KOH/g is reported generally. The crystallization parameters of the nanocomposites are summarized in table 2. The melting and crystallization curves of the nanocomposites are depicted in figure 2 . The crystallization temperature (T c ) and melting temperature (T m ) of the HU blend did not show much variation with the addition of GO or mGO nanofillers. However, the 1 mGO sample showed a sharp increase in the specific heat of fusion (Dh f ), resulting in the higher degree of crystallinity of ca 59%.
Rheological properties
Melt rheological studies for the HU blends were carried out to observe their flow behaviour and viscoelastic properties. The measurements of rheological properties were carried out at 2408C, which is closer to the processing temperature (2208C) of the blend. Therefore, the recorded data can be used to interpret the influence of nanofiller on the processibility of the polymer blend. The rheological property was analysed with variation in complex viscosity (h*) as a function of angular frequency (figure 3). It is observed that complex viscosity decreases with increasing angular frequency, a typical characteristic of shear thinning fluids [54] . As seen in figure 3 , the variation in viscosity values is within the range of 10 4 -10 5 Pa s. HU blend reinforced with 1 wt% of unmodified GO
(1 GO) shows the highest viscosity, followed by 0.5 GO. By contrast, HU blend reinforced with mGO shows a decrement in viscosity, leading to enhancement in its processibility. Also, 1 mGO has a cross-over point with HU neat blend at a lower frequency region, as a change in the value of axial force is observed. A similar trend was observed in the case of 3 GO and 3 mGO but with less prominence when compared with 0.5 and 1 wt% loadings.
Graphene oxide/modified graphene oxide nanofiller dispersion
The uniform dispersion of nanofiller in the matrix is an important aspect to effectively tune the property of the matrix. TEM was carried out to evaluate the dispersion of GO and modified GO in HU blends at the nano-scale. Figure 4 shows representative bright field TEM images for 70 nm electron thin sections of both 1 GO and 1 mGO samples. The black hairy structures Table 2 . Crystallization parameters of the HU, GO-HU and mGO -HU nanocomposites.
hybrid composite grade encompassing the entire image indicate the lamellae of polyethylene, whereas the black particles show the dispersion of modified and unmodified GO, respectively, in figure 4a,b. The unmodified GO agglomerated with typical agglomerate sizes of 2 mm and dispersed poorly in the HU matrix ( figure 4a ). This is a signature of the poor interaction of polar GO with the non-polar HU matrix. By contrast, the grafting of maleated PE onto GO, modified with PEI, facilitates a better dispersion in the HU matrix (figure 4b). A careful look reveals the dispersion of nanometric mGO (50-100 nm) particles within the polymer matrix. With further pre-extrusion modifications on the nanocomposites and fine tuning the extrusion parameters, the dispersion characteristics of mGO can be further improved. royalsocietypublishing.org/journal/rsif J. R. Soc. Interface 16: 20180273 (Xradia, Zeiss, Germany). The bright particles, which are observed in the rendered volume, are the GO nanoparticles. It is observed that the mGO has been better dispersed in the polymer matrix when compared with the unmodified GO. The formation of agglomerates, seen as a bright phase, is greater in the case of 1 GO (figure 5a). For visual clarity of the dispersion of GO nanofillers, the HU blend matrix was masked in the three-dimensional images.
Ultimate tensile strength and elastic modulus
The uniaxial tensile properties of all the nanocomposites were evaluated using ASTM standards. The representative engineering stress-strain curves for the GO-HU nanocomposites at a crosshead speed of 5 mm min 21 are shown in figure 6 .
The ultimate tensile strength and the elastic modulus of HU were found to be ca 29 MPa and 645 MPa, respectively. The addition of 0.5, 1 and 3 wt% of unmodified GO and mGO to the HU blend resulted in significant differences in the mechanical properties, as tabulated in Although the 1 GO sample showed comparable ultimate tensile strength to that of 0.5 mGO, the elastic modulus of the latter was better. A further increase in the GO and mGO nanofiller loading to 3%, however, reduced the ultimate tensile strength and elastic modulus both, compared to 1% loading. This indicates that dispersion at higher loading of fillers can potentially lower the mechanical properties. Scanning electron microscopy (SEM) analysis was used to investigate the fracture surface morphology in the presence and absence of GO in the HU blend. From figure 7a, it can be seen that the HU sample exhibited a fibrous fracture morphology. Also, the 0.5 GO nanocomposite, which was found to have similar mechanical properties to that of HU, showed a fibrous morphology (figure 7b). The 1 mGO (figure 7e) and 3 GO samples (figure 7f ), with intermediate strain at break values, exhibited semi-fibrillar fracture morphology. Other samples, viz. 0.5 mGO (figure 7c), 1 GO (figure 7d) and 3 mGO (figure 7g), showed reduced ductility. The visible difference in the surface morphology of the fracture surfaces showed that the amount of GO loading and modification of GO influence the ductility as measured by strain at break values.
In vitro cytocompatibility
The cytocompatibility properties of the synthesized nanocomposites towards C2C12 murine myoblast cell viability, proliferation and attachment were analysed using WST-1 assay, fluorescence microscopy and SEM, respectively.
Cell proliferation and adhesion
Hoechst binds to the double-stranded deoxyribonucleic acid and gives an emission at blue wavelength, when excited at 340 nm [6] . The nuclei of cells stained with Hoechst on the control, HU, 1 GO and 1 mGO samples are shown in figure 8a-d , respectively. The total number of cells, counted over different nanocomposite substrates at the end of 3 days in culture observed using fluorescence imaging, were in the royalsocietypublishing.org/journal/rsif J. R. Soc. Interface 16: 20180273 range of 1.5-2 Â 10 6 with no significant difference within the nanocomposites (figure 9a). We can thus say that nanocomposite substrates support the cell growth of the myoblast cells as good as the control sample. The SEM micrographs of C2C12 myoblast cell adhesion on the control, HU, 1 GO and 1 mGO samples after 3 days of culture are shown in figure 8e -h. The adhesion of the cells was found to be normal on all the samples. The cultured cells appeared to have a strong attachment to the polymeric surface and also showed good cell to cell contact with the neighbouring cells.
Cell viability
In the WST-1 assay, the tetrazolium salt of WST-1 is converted to produce a coloured product by the mitochondrial dehydrogenase enzymes [6] . The change in OD is correlated with the number of viable cells [55] . The results of the 500 mm 500 mm 500 mm 500 mm 500 mm 500 mm absorbance measurement of WST-1 assay are presented in figure 9b , which shows the proliferation of C2C12 murine myoblast cells on different nanocomposites at time points of 1 and 3 days in culture. The statistical test ANOVA confirmed the absence of any significant difference in the cell viability on the HU, 1 GO and 1 mGO samples, when compared with control at both the time intervals. The myoblast cell proliferation on the HU, 1 GO and 1 mGO samples was comparable to that on the control sample for the day 1 and day 3 readings. The addition of 1 wt% GO and mGO to the HU blend did not affect the growth of myoblast cells, when compared with the control substrate.
Discussion
The reinforcement of inorganic nanofillers (e.g. GO) in polymeric composites has been considered as an attractive strategy in the development of biomedical devices over the last decade [14] . In the present study, we establish that the 'dual' hybrid approach, involving surface modification of GO nanoparticles with mPE, efficiently disperses them in the HDPE/ UHMWPE polymer blend. This allows one to obtain better mechanical properties and cytocompatibility of the nanocomposite. The surface modification was evaluated using techniques like FTIR, XRD and TGA while TEM and m-CT images were used to check the dispersion of GO and mGO nanofillers in the polymer blend. Mechanical property enhancement was evaluated using uniaxial tension tests and compared to the Halpin-Tsai theoretical model. Further, C2C12 murine myoblast cells were used to assess their viability, proliferation and adhesion on the nanocomposites.
Surface modification of graphene oxide nanosheets
We adopted the chemical synthesis route of amine-functionalizing GO nanosheets by PEI, followed by mPE grafting. While the FTIR and Raman spectroscopy studies proved qualitatively the successful conjugation of the amine groups and the polyethylene grafting on the GO nanosheets. The shift in peaks observed in Raman spectroscopy and increase in the intensity ratio (I D /I G ) w.r.t. neat GO corresponds to the increase in defect concentration which is due to introduction of functional groups onto GO sheets on modification with PEI and mPE [34] . However, the successful intercalation of PEI and maleated PE over GO can be quantified with the increasing d-spacing with the help of XRD. TGA results quantitatively showed the amount of polyethylene grafting on the GO nanosheets to be ca 63.8%. The surface wettability of the nanocomposite is also altered due to the surface modification of the GO nanosheets to mGO (discussed in the electronic supplementary material). It was observed that due to the presence of hydrophobic polyethylene wrapped over GO (mPE grafted over GO-PEI), the hydrophobicity of the mGO-reinforced nanocomposites increased. It is therefore quite likely that the hydrophilic groups (e.g. C-O, C¼O, etc.) on GO are no more exposed due to PE grafting, resulting in an increase in hydrophobicity after reinforcement with mGO [56, 57] . This increase in hydrophobicity was also confirmed by the TGA profile of mGO. Although the hydrophobicity of the mGO-HU surface increases relative to the GO-HU, the contact angle still remains in the range for hydrophilic surfaces (less than 908) and thus supports the growth and proliferation of cells on the surface of the substrate.
Dispersion of graphene oxide/modified graphene oxide nanofillers and mechanical properties
For the design of devices such as hip acetabular implants, mechanical stability as well as optimal integration with the surrounding tissue region are of great significance [5] . Clinically used medical grade UHMWPE has been reported to have an ultimate tensile strength ranging from 42 to 44 MPa, whereas the elastic modulus varies from 1 to 1.39 GPa [58] . Thus, tensile properties of unmodified and modified graphene-reinforced HU blend were tested in an effort to match them to that of the natural bone and clinically used implant materials. The rheological behaviour of GO-HU and mGO-HU nanocomposites, as observed from the complex frequency versus angular frequency graph, depicts that the viscosity decreased after surface modification of GO nanofillers. This manifested in a physical plasticizing effect caused by short molecular chains of mPE grafted over GO, as rheological properties are affected by molecular geometry and nature of the filler [59] . Thus, there is a reduction in viscosity of the nanocomposites reinforced with mGO, facilitating its better dispersion in the melt-mixed HU blend matrix [60] .
The similarity in the observed mechanical properties of the 0.5 GO nanocomposite and the HU blend can be attributed to the agglomeration or restacking of unmodified GO nanoparticles within the HU polymer matrix caused due to hydrogen bonding or electrostatic interactions. The poor interaction of polar GO with the non-polar HU matrix leads to agglomeration and inferior dispersion of unmodified GO, which can be well inferred from the optical micrographs (electronic supplementary material, figure S3b), transmission electron micrographs (figure 4a) and volume rendered m-CT imaging (figure 5a). Three-dimensional imaging from m-CT revealed the volume distribution of nanoparticles in the polymer matrix. The nanoparticles and the polymer matrix are of different densities and different attenuation coefficients and therefore, the attenuation of X-rays is different for each component [61, 62] . The grafting of maleated PE over GO modified with PEI facilitates the dispersion in the HU matrix along with lesser agglomeration, as can be clearly seen from the TEM images (figure 4b). The uniform dispersion of nanofiller in the matrix is an important aspect to effectively tune the property of the matrix. The sharp enhancement in the mechanical properties of the 1 mGO nanocomposite is due to the uniform dispersion of polyethylene-grafted mGO in the HU royalsocietypublishing.org/journal/rsif J. R. Soc. Interface 16: 20180273 blend polymer matrix, as seen in electronic supplementary material, figure S3c; figures 4b and 5b [63] . The uniform dispersion of nanoparticles in 1 mGO shows that the surface modification of GO with mPE leads to better dispersion, less agglomeration and better compatibilization in the matrix. All these attributes result in an enhancement of mechanical properties of the mGO-HU nanocomposites. This dispersion behaviour also led to the difference in the tensile fracture morphology of the nanocomposites. Better dispersion in the HU blend, as observed in the 1 mGO sample, showed a relatively fibrous morphology.
The uniform dispersion, leading to the improvement in the tensile properties, can be also attributed to the efficient mixing in the melt extruder, enabled by a recirculation channel, when compared with other techniques like solvent blending [40] . The other advantages of the melt-extrusion and injection moulding process included high shear rates for mGO dispersion, fabrication time within minutes and possibility of different shapes. The large shear forces present in the melt extruder allowed the dispersion of mGO particles without the need of surfactants. The polyethylene grafting on GO has resulted in an improved interfacial adhesion and thus improving the stress transfer from the matrix to the GO fillers, augmenting the mechanical properties. The mechanical properties also largely depend on the crystallinity of the polymer. Thus, a higher degree of crystallinity (ca 59%) of the 1 mGO sample corroborates the observed higher ultimate tensile strength and elastic modulus. This 'dual' hybrid modification to fabricate the 1 mGO nanocomposite led to a nearly 51% increase in the ultimate tensile strength as well as closely matched the elastic modulus when compared with the medical grade UHMWPE implants used clinically [58] . A further increase in the GO and mGO nanofiller loading to 3%, however, reduced ultimate tensile strength and elastic modulus, reflecting the reduced degree of crystallinity. This reduction in the mechanical performance can be attributed to the saturation of the HU blend matrix to efficiently disperse the GO and mGO fillers [64] .
Correlation with theoretical prediction
The overall properties of the composite depend on both: the filler material and the matrix. Various theoretical models have been postulated to predict the individual contribution of the filler materials as well as that of the matrix. Composite properties like elastic modulus, filler aspect ratio, volume fraction, etc., contribute to the overall performance and those are considered in the theoretical models [65] . Such models include those given by Halpin and Tsai, Mori and Tanaka, Jager and Fratzl, etc. [66] . The Jager-Fratzl model predicts the elastic modulus of nacre-like biocomposites [66] , whereas the MoriTanaka model involves solving a complex Eshelby tensor for a good estimate [65] . We used the Halpin-Tsai model for our study,
Here, E HalpinÀTsai is the theoretical composite modulus, E HU is the experimentally calculated elastic modulus of the HU matrix, z is the shape parameter dependent upon filler geometry, w GO is the volume fraction of the GO filler and h is given as follows:
where E GO , elastic modulus of GO nanofillers, was taken to be 32 GPa [67] . It is safe to assume that the geometry of the GO nanofillers as rectangular sheets and the z was thus taken to be equal to w/t, where w is the width while t is the thickness of the nanosheets. wGO was calculated taking into account the density of the GO nanofillers (1.8881 g ml
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) and the HU matrix (0.9288 g ml
) found using a helium gas pycnometer. Figure 10 demonstrates the comparison between the theoretically predicted elastic modulus using the Halpin-Tsai model (E Halpin2Tsai ) and the experimental elastic modulus values (E experimental ) for respective composites. We see that the Halpin-Tsai model provided a good prediction for the elastic modulus of the 1 GO and 1 mGO nanocomposites, and it is useful in evaluating the mechanical properties coarsely. However, we also see that E experimental for the 3 GO and 3 mGO nanocomposites are significantly lower than the E Halpin2Tsai predicted. This is due to the fact that the HalpinTsai model overestimated the elastic modulus, while ignoring agglomeration and particle-particle interaction of GO nanofillers and interfaces in the nanocomposites [66] . Also, the model assumes an ideal non-slipping boundary condition, sharp interface between the filler and matrix, unidirectional filler orientation and isotropic matrix. The deviation from this royalsocietypublishing.org/journal/rsif J. R. Soc. Interface 16: 20180273 model assumption can explain the observed mismatch between the experimental values and model predictions [65, 66] . It is also important to note that the shape parameter z, calculated using the AFM imaging data of the pristine GO nanosheets, was assumed to be constant for all the loading percentages. This may not be the case practically, thus leading to the difference.
Influence of graphene oxide/modified graphene oxide reinforcement on cellular behaviour
Graphene-based materials have been shown to be cytocompatible with skeletal muscle cells [68] . The samples were checked for their in vitro cytocompatibility using WST-1 assay, fluorescence imaging and SEM analysis. The results (figures 8 and 9) reflect the signature of promising response from the C2C12 murine myoblast cells on the polymeric substrates. The interaction between the cells and nanofiller-reinforced polymer substrates depends on various factors like fabrication processes, dispersion of the nanofillers in the polymer matrix, functional groups on the nanofillers, surface wettability, etc. [14] . The WST-1 assay as well as the cell count calculated using fluorescence imaging suggests that the cells proliferate as good on the modified polymeric substrates as on the control. Also, the cell adhesion on the substrates together with good cell-to-cell interaction after 3 days in culture, observed using SEM micrographs, further proves that the cytocompatibility is not compromised with the addition of mGO. The cellular viability results also rule out the possibility of the potential release of PEI into the culture medium leading to toxicity. The cellular response by co-culture studies is also a critical strategy which allows the development of a model that can be evaluated at a physiologically relevant level [69] . In our previous study, we investigated the cellular response of hMSCs on HDPE-mGO composites [4] . Co-culture studies, especially with the currently used myoblast cells along with osteoblast cells or human mesenchymal stem cells, may provide interesting results and can be further explored in near future.
Conclusion
We report here a new processing strategy to covalently graft polyethylene chains onto GO nanosheets with a high grafting efficiency. The optimal loading of modified GO led to a better dispersion of the GO nanosheets and improved the processability, as assessed using melt-extrusion and injection moulding route. The 'dual' hybrid approach to prepare an HDPE/ UHMWPE blend with a low weight percentage addition of surface-modified GO, resulted in superior mechanical properties compared to the clinically used UHMWPE. An optimized blend of 60 wt% HDPE/40 wt% UHMWPE, reinforced with 1 wt% mGO, Exhibited an increase in the ultimate tensile strength by 120% (ca 65 MPa) and elastic modulus by 40% (ca 908 MPa) compared to the neat blend. Moreover, the nanocomposites supported good skeletal muscle cell attachment and proliferation, in vitro. Thus, HDPE/UHMWPE/mGO hybrid nanocomposite could be a promising biomaterial for bone tissue engineering applications.
Data accessibility. No empirical data were used in this study and all simulated data and related scripts are provided as electronic supplementary material available for this publication.
